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applying current to a circuit; (3) an LED with a minimal
intensity level that correlates to a set-point temperature; and
(4) a thermal sensor that is in proximity to the LED and
adapted to sense a temperature proximal to the LED. The
thermal sensor may transmit a signal to the current regulator
if the sensed temperature exceeds the set-point temperature.
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METHODS AND SYSTEMS FOR
MAINTAINING THE ILLUMINATION
INTENSITY OF LIGHT EMITTING DIODES

RELATED APPLICATIONS

The present application claims priority to and incorporates
by reference the entirety of U.S. Provisional Patent Applica-
tion No. 61/099,702, filed on Sep. 24, 2008.

TECHNICAL FIELD

This present invention relates generally to light sources and
more particularly, but not by way of limitation, to methods
and systems for maintaining the illumination intensity of
Light Emitting Diodes (LEDs).

HISTORY OF RELATED ART

In some LEDs, illumination intensity drops as LED junc-
tion temperature rises. However, for many applications, a
drop in LED illumination intensity below a minimal thresh-
old is not acceptable. For example, Federal Aviation Admin-
istration Regulations (FARs) require that position lights on
aircraft always emit light greater than a specified minimum
intensity. In fact, an LED light that operates below a specified
intensity level may completely shut down profitable opera-
tions or even cause hazardous conditions. For instance, navi-
gation lights on an aircraft must operate at a specified inten-
sity in order for the aircraft to be operable in a safe manner.

SUMMARY

In some embodiments, circuits for maintaining the illumi-
nation intensity of an LED above a minimal intensity level are
provided. The circuits may generally comprise: (1) a current
regulator for regulating the current in the circuit; (2) a voltage
source for applying current to the circuit; (3) an LED with a
minimal intensity level that correlates to a set-point tempera-
ture; and (4) a thermal sensor that is in proximity to the LED.
The thermal sensor may be adapted to sense a temperature
proximal to the LED, such as the LED junction temperature.
The thermal sensor may also be adapted to transmit a signal to
the current regulator if the sensed temperature exceeds the
set-point temperature. Thereafter, the current regulator may
take steps to regulate the current in order to maintain the LED
illumination intensity above the minimal intensity level.

In other embodiments, methods are provided for maintain-
ing the illumination intensity of an LED above a minimal
intensity level. The methods generally comprise (1) using a
thermal sensor to sense a temperature proximal to the LED,
such as the LED junction temperature; (2) determining
whether the sensed temperature exceeds a set-point tempera-
ture that correlates to the LEDs minimal intensity level; and
(3) applying current to the LED if the sensed temperature
exceeds the set-point temperature. In some embodiments, the
above-mentioned steps may be repeated if the sensed tem-
perature is at or below the set-point temperature.

In some embodiments, the applied current may be derived
from a voltage source. In some embodiments, the application
of'current to the LED may comprise: (1) transmission of a first
signal from the thermal sensor to a current regulator; (2)
transmission of a second signal from the current regulator to
the voltage source in response to the first signal; and (3)
application of current to the LED by the voltage source in
response to the second signal. In some embodiments, the
application of current may comprise increasing the current
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that is applied to the LED. In some embodiments, the appli-
cation of current may comprise increasing the voltage and/or
decreasing the resistance of a circuit that is associated with
the LED.

Various embodiments may provide one, some, or none of
the above-listed benefits. Such aspects described herein are
applicable to illustrative embodiments and it is noted that
there are many and various embodiments that can be incor-
porated into the spirit and principles of the present invention.
Accordingly, the above summary of the invention is not
intended to represent each embodiment or every aspect of the
present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the methods and appa-
ratus of the present invention may be obtained by reference to
the following Detailed Description when taken in conjunc-
tion with the accompanying Drawings, wherein:

FIG. 1 is a graph of LED intensity (cd) relative to LED
junction temperature (T));

FIG. 2 is a diagram of a circuit that includes an LED;

FIG. 3A illustrates an operating circuit of a thermal sensor;

FIG. 3B illustrates a pin configuration of a thermal sensor;

FIG. 4 is a flow chart depicting a method of maintaining
illumination intensity of an LED above a minimal intensity
level,

FIG. 5 shows two associated graphs that illustrate a rela-
tionship between LED junction temperature, LED intensity
(upper panel), and current applied to the LED (lower panel);

FIG. 6 is a diagram of a circuit that includes a grouping of
LEDs that share a common heat sink; and

FIG. 7 is a diagram of a circuit that includes a thermal
sensor.

DETAILED DESCRIPTION

To maintain the illumination intensity of an LED at a
specified minimum level, many systems and methods have
applied a constant and excessive level of current to the LED.
The rationale for such an approach is to ensure that, when the
LED junction temperature rises, a corresponding drop in the
illumination intensity of the LED does not fall below a speci-
fied minimum intensity. However, the application of the
excessive current to the LED during periods when the LED
junction temperature is low can shorten the operating life of
the LED.

In many applications, significant manpower, equipment,
and financial resources may be required to replace LEDs on a
frequent basis due to the shortened lifetime. Furthermore,
frequent LED replacements may interfere with commercial
operations and profitability. Accordingly, there is currently a
need for improved methods and systems for maintaining the
illumination intensity of an LED above a minimal intensity
level without the need to apply constant excessive current.

Reference is now made in detail to illustrative embodi-
ments of the invention as shown in the accompanying draw-
ings. Wherever possible, the same reference numerals are
used throughout the drawings to refer to the same or similar
parts.

In accordance with one aspect of the invention, methods
and systems are provided for maintaining an illumination
intensity of an LED above a desired minimal intensity level as
a temperature that is associated with the LED (e.g., an LED
junction temperature) increases. A Graph 100 depicted in
FIG. 1 illustrates a need for the improved systems and meth-
ods. In particular, the graph 100 shows the effects of increas-
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ing LED junction temperatures (T;) on the intensities (cd) of
differently colored LEDs (blue, green and red). The vertical
axis ofthe graph 100 represents LED intensity (cd) 102, while
the horizontal axis represents an LED junction temperature
(T,) 104. The graph 100 generally shows that, for all the
differently colored LEDs, as the LED junction temperature
104 increases, the LED intensity 102 decreases.

In some embodiments, circuits are provided that can main-
tain the illumination intensity of an LED above a minimal
intensity level as an LED-associated temperature increases.
As an example, FIG. 2 is a diagram of a circuit 200 that
includes a voltage source 202, a current regulator 204, an
LED 206 arranged in series, and a thermal sensor 208 in
proximity to the LED 206.

In the circuit 200, the LED 206 is in proximity to the
thermal sensor 208. As also shown in FIG. 2, the thermal
sensor 208 is adjacent to the LED 206 at an LED junction. In
addition, the thermal sensor 208 is connected to the current
regulator 204 through a feedback loop 212. However, in other
embodiments, the thermal sensor 208 may be positioned at
different locations relative to the LED 206. Similarly, the
voltage source 202 and the current regulator 204 are con-
nected to one another through a feedback loop 210. A person
of ordinary skill in the art will recognize that the above-
mentioned circuit components can have different arrange-
ments in other embodiments.

As discussed in more detail below, the circuit 200 has
various modes of operation. For instance, in some embodi-
ments, the thermal sensor 208 can transmit a first signal to the
current regulator 204 through the feedback loop 212 if a
sensed temperature exceeds a desired temperature that corre-
lates to a minimal intensity level for the LED 206. In response
to the first signal from the thermal sensor 208, the current
regulator 204 may then transmit a second signal to the voltage
source 202 through the feedback loop 210. Next, and in
response to the second signal, the voltage source 202 may
causethe current that is applied to the LED 206 to increase. As
a result, the increased current will maintain the illumination
intensity of the LED 206 above the minimal intensity level.

The LED 206 operates at an illumination intensity level
that is responsive to an current applied to the LED 206. The
LED 206 may have associated therewith a desired minimal
illumination intensity level (i.e., minimal intensity level). The
minimal intensity level may be dictated by federal regula-
tions, such as Federal Aviation Administration Regulations
(FARs). The minimal intensity level may also be dictated or
recommended by regulatory agencies and/or industry stan-
dards. In other embodiments, the minimal intensity level may
be derived, for example, from an industry custom, design
criteria, or an LED user’s personal requirements.

The illumination intensity level of the LED 206 can be
correlated to a temperature associated with the LED 206, such
as a pre-defined LED junction temperature. For instance, the
LED 206 may be associated with a set-point temperature that
correlates to the desired minimal intensity level of the LED
206. Accordingly, the sensing of temperatures above the set-
point temperature can indicate that the intensity of the LED
206 is less than the minimal intensity level.

The circuit 200 shown in FIG. 2 only contains the single
LED 206. However, and as will be discussed in more detail
below, other embodiments may include a plurality of LEDs.
In some embodiments, the LEDs may be proximate or adja-
cent to one another. In some embodiments, the LEDs may be
physically or electrically grouped. For instance, in some
embodiments that utilize a plurality of LEDs, one or more of
the plurality of LEDs may be associated with an applied

10

15

20

25

30

35

40

45

50

55

60

65

4

current from a different voltage source. In other embodi-
ments, the current may be applied to a grouping of LEDs from
a single voltage source.

The thermal sensor 208 is typically adapted to sense a
temperature in a location proximal to the LED 206, such as
the LED junction temperature. In some embodiments, the
thermal sensor 208 may be a temperature-measurement
device that can measure the LED 206 junction temperature
directly. In other embodiments, the thermal sensor 208 may
derive the LED 206 junction temperature by measuring the
temperature of one or more areas near the LED 206.

In some embodiments, the thermal sensor 208 may be a
thermal switch that activates and sends a signal to the current
regulator 204 at or near the set-point temperature. In other
embodiments, the thermal sensor 208 may sense and transmit
one or more signals in response to a range of temperatures. In
other embodiments, the thermal sensor 208 may be a thermal
switch as well as a temperature-measuring device. As will be
discussed in more detail below, the transmitted signals can
then be used to increase the current in the circuit 200 in order
to maintain the illumination intensity of the LED 206 above
the minimal intensity level.

In some embodiments, the thermal sensor 208 can be a
resistor-programmable SOT switch (or switches). The resis-
tor-programmable SOT switch, by way of example, may be a
MAXIM MAX/6510 Resistor-Programmable SOT Tempera-
ture Switch that is available from Maxim Integrated Products
of Sunnyvale, Calif. FIGS. 3A-B depict typical operating
circuit and pin configurations for the MAXIM temperature
switches.

In some embodiments, the thermal sensor 208 may be in
proximity to a plurality of LEDs. In the embodiments, the
thermal sensor 208 may sense a temperature that is proximal
to the plurality of LEDs. In other embodiments, a circuit may
include a plurality of thermal sensors. In those embodiments,
one or more of the plurality of the thermal sensors may be in
proximity to a single LED or a plurality of LEDs for sensing
a temperature that is proximal thereto.

Referring again to FIG. 2, the voltage source 202 may be
implemented in various embodiments. For instance, in some
embodiments, the voltage source 202 may be a battery. In
other embodiments, the voltage source 202 may include a
capacitor or a voltage divider. In other embodiments, the
voltage source 202 may be a device that produces an electro-
motive force. In other embodiments, the voltage source 202
may be another form of device that derives a secondary volt-
age from a primary voltage source. Additional embodiments
of voltage sources can also be envisioned by a person of
ordinary skill in the art.

The current regulator 204 may also exist in various
embodiments. For instance, in some embodiments, the cur-
rent regulator 204 may be a voltage regulator. In other
embodiments, the current regulator 204 may include a poten-
tiometer. In some embodiments, the current regulator 204
may include resistance-varying devices that are responsive to,
for example, a signal from the thermal sensor 208. Other
current regulators may also be envisioned by persons of ordi-
nary skill in the art.

The circuit 200 shown is only an example of a circuit that
may be used to maintain the illumination intensity of an LED
above a minimal intensity level. As will be described in more
detail below, and as known by a person of ordinary skill in the
art, other circuits with different arrangements may also be
utilized to practice various embodiments of the present inven-
tion. For instance, in some embodiments, a circuit may
include a plurality of LEDs that are attached to a printed
wiring assembly (PWA). In other embodiments, a circuit may
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include a thermal pad or other thermal conductor to remove
heat from the PWA. In some embodiments, the thermal pad
may include copper. In additional embodiments, a circuit may
include a plurality of LEDs that are associated with a common
heat sink.

Various methods can be used to maintain the illumination
intensity of an LED above a minimal intensity level. A pro-
cess 400 depicted in FIG. 4 illustrates one method of illumi-
nation control. Flow chart 400 begins at step 402, at which
step nominal current is applied to a circuit, such as, for
example, the circuit 200. From step 402, execution proceeds
to step 404. At step 404, the applied nominal current illumi-
nates an LED (e.g., the LED 206 in F1G. 2). Thereafter, at step
406, a thermal sensor (e.g., the thermal sensor 208 in FIG. 2)
senses an LED junction temperature (T)). Next, at step 408, a
determination is made whether the T, sensed at step 406
exceeds an established set-point temperature. If the T, sensed
at step 406 does not exceed the set-point temperature (i.e., if
T, is at or below the set-point temperature), the process 400
returns to step 402. However, if the T, sensed at step 406
exceeds the set-point temperature, execution proceeds to step
410. At step 410, the current supplied to the LED is increased
to compensate for the increase in the temperature. From step
410, execution returns to step 404.

A person of ordinary skill in the art will recognize that the
process flow 400 may exist in numerous embodiments. For
instance, in some embodiments, a thermal sensor (e.g., ther-
mal sensor 208 in FIG. 2) may also perform the determination
step 408. However, in other embodiments, another device,
such as a separate processor, may perform the determination
step 408. In some embodiments, the nominal current applied
in step 402 may be on the order of approximately 165-215
mA. In some embodiments, the increased current level
resurging from step 410 may be on the order of approximately
260-330 mA. In some embodiments, the current regulation
can be stepped (as will be described in more detail in connec-
tion with FIG. 5). In various embodiments, the current regu-
lation can vary within a pre-defined range.

In some embodiments, various steps depicted in FIG. 4
may be performed, for example, by one or more of the com-
ponents of the circuit 200, as illustrated in FIG. 2. For
instance, in some embodiments, the thermal sensor 208 may
sense a temperature proximal to the LED 206, such as the
LED 206 junction temperature. The thermal sensor 206 may
then transmit a first signal to the current regulator 204 through
the feedback loop 212 if the thermal sensor 206 determines
that the sensed temperature exceeds the set-point tempera-
ture. In response, the current regulator 204 may send a second
signal through the feedback loop 210 to the voltage source
202. The voltage source 202 may then cause the current
applied to the LED 206 to increase in response to the second
signal. As a result, the LED 206 can maintain its illumination
intensity above a desired minimal intensity level. Further-
more, the above-mentioned steps may be repeated if the
sensed temperature is at or below the set-point temperature.

In addition to directly increasing the current, other methods
may be used to maintain the illumination intensity of an LED
above a desired minimal intensity level. For instance, the
methods may include, but are not necessarily limited to: (1)
decreasing the resistance of a current regulator (e.g., the cur-
rent regulator 204 in FIG. 2) or another component in series
with an LED (e.g., the LED 206 in FIG. 2); (2) increasing
resistance in parallel with an LED (e.g., the LED 206 in FIG.
2); (3) increasing the voltage supplied by a voltage source
(e.g., the voltage source 202 in FIG. 2); or (4) some combi-
nation of (1)-(3).
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In various embodiments, the voltage and the current in an
LED circuit are closely coupled. For instance, in some
embodiments, a typical LED may be a current device that
requires a certain applied voltage in order to maintain a given
level of light output. In the embodiment, the LED circuit may
alter the value of a resistor in a control loop. This change in
resistance may then cause the control voltage to change.
Therefore, in these embodiments, current in the control loop
changes in order to compensate for the change in control
voltage.

FIG. 5 shows two linked graphs that illustrate how an LED
illumination intensity can be maintained above a minimal
intensity level in some embodiments. The vertical axis of
graph 500A represents an LED intensity (cd) 502. The hori-
zontal axes of graphs 500A and 500B represent an LED
junction temperature (T;) 504. The vertical axis of graph
500B represents a current applied to an LED 506. As the value
of T, increases, the LED intensity 502 falls and approaches
cd, 508, which represents a minimal illumination intensity
level 510. As cd, 508 is approached, the LED intensity 502 is
increased to cd, 512 by increasing the current applied from a
nominal value up to an overdrive current value 514. A current
hysteresis 513 is used to avoid undesirable switching between
the two current values.

In the illustrated embodiment, if T, continues to increase
such that the LED intensity 502 descends again to approach
cd; 516, (i.e., again approaching the minimal illumination
intensity level 510), the current applied to the LED 506 can be
raised to a second overdrive current value (not shown) that is
greater than the overdrive current value 514 in order to raise
the LED intensity 502 to an acceptable level. In a typical
embodiment, the current applied to the LED 506 may not be
increased beyond a maximal current level. The maximal cur-
rent level is typically set in order to avoid, for example, a
thermal runaway condition that could cause system damage.
In a typical embodiment, applied current may be increased
only to the maximal level responsive to LED intensity
approaching the minimal illumination intensity level 510.

The methods shown in FIG. 5 can also exist in various
embodiments. For instance, in some embodiments, current
regulation may be achieved in the steps depicted in the graphs
500A and 500B. In other embodiments, the current regulation
can be modulated over a range.

FIG. 6 is a diagram of a circuit 600 that includes a plurality
of LEDs 604 that share a common heat sink 602. In some
embodiments, more than one heat sink temperature value
may be sensed by a single thermal sensor. In some embodi-
ments, the temperature of one or more LED heat sinks may be
sensed via a thermal connection, for example, to a case hold-
ing an LED.

FIG. 7 is a diagram of another circuit 700 that can be used
to practice the methods of the present invention. In this
embodiment, a temperature-sensing device 702 may be
located physically close to an LED grouping in order to
facilitate accurate sensing of an LED junction temperature. In
this embodiment, the temperature set-point may have to be
adjusted according to the particular temperature being
sensed.

The methods and systems of the present invention can
substantially eliminate or reduce disadvantages and problems
associated with previous systems and methods. For instance,
in some embodiments, the ability to operate an LED with
variable current based on the LED junction temperature may
extend the operating life of the LED. This may in turn reduce
significant manpower, equipment, and financial resources
that may be required to replace LEDs on a frequent basis.
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The methods and systems ofthe present invention may also
have numerous applications. For instance, in some embodi-
ments, the methods and systems of the present invention may
be used to maintain the illumination intensity of navigation
lights of an aircraft above a federally-mandated minimal
intensity level. In other similar embodiments, the methods
and systems of the present invention may be used to maintain
the illumination intensity of LEDs in automobiles, trains, or
boats. Other applications of the present invention can also be
envisioned by a person of ordinary skill in the art.

Although various embodiments of the method and appara-
tus of the present invention have been illustrated in the
accompanying Drawings and described in the foregoing
Detailed Description, it will be understood that the invention
is not limited to the embodiments disclosed, but is capable of
numerous rearrangements, modifications and substitutions
without departing from the spirit and scope of the invention as
defined by the appended claims.

What is claimed is:

1. A circuit comprising:

a voltage source;

a light-emitting diode (LED) having a desired minimal
intensity level associated therewith, the desired minimal
intensity level being correlated to a pre-defined LED
set-point temperature;

a thermal sensor in proximity to the LED and adapted to
sense a temperature proximal to the LED;

a current regulator interoperably coupled to the voltage
source, the thermal sensor, and the LED;

wherein, responsive to a sensed temperature greater than
the pre-defined LED set-point temperature, current sup-
plied to the LED is increased in a step-wise manner from
an original current level to an increased current level;

wherein an LED illumination intensity to be not less than
the minimal intensity level at the increased current level;
and

wherein, responsive to a sensed temperature less than a
second pre-defined LED temperature, current supplied
to the LED is decreased in a step-wise manner from the
increased current level to the original current level, the
second pre-defined LED temperature being less that the
pre-defined LED set-point temperature.

2. The circuit of claim 1, wherein:

the thermal sensor comprises a switch adapted to activate
responsive to the pre-defined LED set-point temperature
being exceeded; and

the activation of the switch results in transmission of a
signal to the current regulator.

3. The circuit of claim 1, wherein the thermal sensor com-

prises a resistor programmable SOT temperature switch.

4. The circuit of claim 1, wherein the thermal sensor is
positioned adjacent an LED junction of the LED.

5. The circuit of claim 1, wherein the thermal sensor senses
an LED-junction temperature.

6. The circuit of claim 1, wherein the circuit comprises a
plurality of LEDs.

7. The circuit of claim 6, wherein the thermal sensor is
positioned in proximity to the plurality of LEDs and senses a
temperature proximal to the plurality of LED:s.
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8. The circuit of claim 6, comprising:

a plurality of thermal sensors; and

wherein each of the plurality of thermal sensors is posi-

tioned in proximity to an LED of the plurality of LEDs
and senses a temperature proximal to the LED.

9. The circuit of claim 1, wherein the voltage source is a
battery.

10. The circuit of claim 1, wherein the current regulator
comprises a potentiometer.

11. A method comprising:

establishing a pre-defined set-point temperature that cor-

relates to a desired minimal intensity level of an LED;
sensing, via athermal sensor, a temperature proximal to the
LED;
determining whether a sensed temperature exceeds the
pre-defined set-point temperature that correlates to the
minimal intensity level of the LED;
responsive to a determination that the sensed temperature
exceeds the pre-defined set-point temperature, transmit-
ting a first signal from the thermal sensor to a current
regulator;
transmitting a second signal from the current regulator to a
voltage source in response to the first signal; and

increasing, in a step-wise manner, current level applied to
the LED from a nominal level to an increased current
level,
responsive to a determination that the sensed temperature
is less than a second pre-defined temperature, transmit-
ting a third signal from the thermal sensor to the current
regulator, the second pre-defined temperature being less
than the pre-defined set-point temperature;

transmitting a fourth signal from the current regulator to
the voltage source in response to the third signal; and

decreasing, in a step-wise manner, current level applied to
the LED from the increased current level to the nominal
current level.

12. The method of claim 11, wherein the steps of claim 11
are repeated if the sensed temperature is determined to be not
greater than the pre-defined set-point temperature.

13. The method of claim 11, wherein the increasing-cur-
rent step causes an LED illumination intensity to be not less
than the minimal intensity level.

14. The method of claim 11, wherein an increased current
is in the range of about 260 mA to about 330 mA.

15. The method of claim 11, wherein the increasing-cur-
rent step comprises increasing a voltage supplied a voltage
source of a circuit associated with the LED.

16. The method of claim 11, wherein the increasing-cur-
rent step comprises decreasing a resistance of a circuit asso-
ciated with the LED.

17. The method of claim 11, wherein the sensing step
comprises the thermal sensor sensing an LED junction tem-
perature.

18. The method of claim 11, wherein the determining step
is performed by the thermal sensor.
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